Mutations in matrilin-3 result in multiple epiphyseal dysplasia, which is characterized by delayed and irregular bone growth and early onset osteoarthritis. The majority of disease-causing mutations are located within the ␤-sheet of the single A-domain of matrilin-3, suggesting that they disrupt the structure and/or function of this important domain. Indeed, the expression of mutant matrilin-3 results in its intracellular retention within the rough endoplasmic reticulum of cells, where it elicits an unfolded protein response. To understand the folding characteristics of the matrilin-3 A-domain we determined its structure using CD, analytical ultracentrifugation, and dual polarization interferometry. This study defined novel structural features of the matrilin-3 A-domain and identified a conformational change induced by the presence or the absence of Zn 2؉ . In the presence of Zn 2؉ the A-domain adopts a more stable "tighter" conformation. However, after the removal of Zn 2؉ a potential structural rearrangement of the metal ion-dependent adhesion site motif occurs, which leads to a more "relaxed" conformation. Finally, to characterize the interactions of the matrilin-3 A-domain we performed binding studies on a BIAcore using type II and IX collagen and cartilage oligomeric matrix protein.
Mutations in matrilin-3 result in multiple epiphyseal dysplasia, which is characterized by delayed and irregular bone growth and early onset osteoarthritis. The majority of disease-causing mutations are located within the ␤-sheet of the single A-domain of matrilin-3, suggesting that they disrupt the structure and/or function of this important domain. Indeed, the expression of mutant matrilin-3 results in its intracellular retention within the rough endoplasmic reticulum of cells, where it elicits an unfolded protein response. To understand the folding characteristics of the matrilin-3 A-domain we determined its structure using CD, analytical ultracentrifugation, and dual polarization interferometry. This study defined novel structural features of the matrilin-3 A-domain and identified a conformational change induced by the presence or the absence of Zn 2؉ . In the presence of Zn 2؉ the A-domain adopts a more stable "tighter" conformation. However, after the removal of Zn 2؉ a potential structural rearrangement of the metal ion-dependent adhesion site motif occurs, which leads to a more "relaxed" conformation. Finally, to characterize the interactions of the matrilin-3 A-domain we performed binding studies on a BIAcore using type II and IX collagen and cartilage oligomeric matrix protein.
We were able to demonstrate that it binds to type II and IX collagen and cartilage oligomeric matrix protein in a Zn 2؉ -dependent manner. Furthermore, we have also determined that the matrilin-3 A-domain appears to bind exclusively to the COL3 domain of type IX collagen and that this binding is abolished in the presence of a disease causing mutation in type IX collagen.
Matrilin-3 is a heteromeric extracellular matrix (ECM)
2 protein (50 kDa) that is primarily expressed in the cartilage growth plate (1, 2) . Matrilin-3 has a modular structure comprising a von Willebrand factor A domain (A-domain), four epidermal growth factor-like domains, and a coiled-coil domain, which facilitates oligomerization (1) (2) (3) (4) . Mutations in the A-domain of matrilin-3 have been shown to result in some forms of multiple epiphyseal dysplasia (MED), an autosomal dominant skeletal dysplasia characterized by short-limb dwarfism and early onset osteoarthritis (5, 6) . The majority of MATN3 mutations that cause MED are missense mutations found within the ␤-strands and are predicted to affect the folding of the A-domain (6, 7) . Previous in vitro and in vivo studies have shown that mutant matrilin-3 protein is retained within the rough endoplasmic reticulum of cells and elicits an unfolded protein response (7) (8) (9) . This essentially renders biochemical and biophysical analysis of the effects of the mutations very difficult, because it is not possible to isolate these recombinant mutant proteins under non-denaturing conditions. MED is genetically heterogeneous and can also result in mutations in the genes encoding cartilage oligomeric matrix protein (COMP) and type IX collagen (COL9A1, COL9A2, and COL9A3) (reviewed in Ref. 10) . COMP is the fifth member of the thrombospondin protein family (11) and is found primarily in cartilage, tendon, and ligament (12) (13) (14) (15) . Like matrilin-3 it is a modular protein and comprises a coiled-coil domain, four type II (epidermal growth factor-like) repeats, seven type III (TSP3) repeats, and a large C-terminal globular domain (16) . COMP mutations are found in both the TSP3 (85%) and C-terminal (15%) domains of COMP and are either missense mutations or small in-frame deletions or insertions (17, 18) . Type IX collagen is a heterotrimer of ␣1(IX) ␣2(IX) ␣3(IX) chains and a member of the FACIT (fibril-associated collagen with interrupted triple helices) group of collagens (19) . It consists of three collagenous domains (COL1-3) separated by non-collagenous domains (NC1-NC4) and is closely associated with type II collagen, where it is thought to act as a molecular bridge between type II/XI collagen fibrils and other cartilage matrix proteins (19) . The large NC4 domain is derived entirely from the ␣1(IX) gene (COL9A1) and along with the other NC domains has been shown to bind to the C-terminal domain of COMP in vitro (20, 21) . Interestingly, type IX collagen gene mutations have a very restricted distribution, and all of them are postulated to cause an in-frame deletion from equivalent regions of the COL3 domain in the ␣1(IX), ␣2(IX), or ␣3(IX) chains (reviewed in Ref. 10 ). This precise grouping of type IX collagen gene mutations has yet to be fully explained; however, it is possible that these deletions may disrupt important interactions with other components of the cartilage ECM either directly, by deleting a binding site within the COL3 domain, or indirectly by changing the orientation of the ␣1(IX)NC4 domain relative to the type II/XI collagen fibril.
Insight into the conformation of the matrilin-3 A-domain can be provided by striking sequence similarities with the I-domain of ␣1-integrin (6). The matrilin-3 A-domain, as well as the I-domain, adopts a Rossman fold with seven ␣-helices surrounding a central ␤-sheet comprising six ␤-strands (22) . The top face of both domains contain a non-contiguous metal iondependent adhesion site (MIDAS) (23) . Interactions at the MIDAS site of the integrin I-domain have been linked to a ϳ10-Å shift in the position of the ␣-7 helix and results in a tertiary switch of the domain (22) . This change in conformation is not just linked directly to binding of the metal ion but rather to a cooperative interaction of the cation and ligand to provide the "outside-in" signaling event. It has been hypothesized that A-domains, which contain a "perfect" MIDAS motif, might also bind metal ions and undergo a similar "integrin-like" switch in conformation (24) . To date the ability of the A-domain of matrilin-3 to bind to cations and/or undergo a conformational change has not been determined. We therefore investigated if the human matrilin-3 A-domain was capable of binding metal ions and might also undergo a change in conformation similar to that of integrin I-domains. Zn 2ϩ and Ca 2ϩ ions were selected, because they are the most biologically relevant cations. Zn 2ϩ has been shown to play important biological roles in cartilage organization (25) . In this study we have demonstrated that recombinant matrilin-3 A-domain can also adopt different conformations through a specific interaction with Zn 2ϩ . The precise function of matrilin-3 is still not fully understood, however, it has previously been described as a potential matrix adaptor or ECM-bridging molecule and is known to interact with a number of cartilage ECM proteins such as COMP and type IX collagen (26, 27) . A-domains are known to mediate protein-protein interactions (23), and it is therefore possible that the single matrilin-3 A-domain has evolved a selective affinity for different types of cartilage molecules and participates in the assembly of the fibril network in the cartilage ECM (28, 29) . In this study we tested the ability of the matrilin-3 A-domain alone to bind to type II and type IX collagen in the presence of different cations. Binding assays were also performed in the presence of EDTA to determine if the cation-dependent conformational change in the structure of the A-domain affected its binding properties. We were able to demonstrate that the matrilin-3 A-domain binds with high affinity to full-length type IX collagen in a Zn 2ϩ -dependent manner. Furthermore, this binding was abolished when the type IX collagen contained an in-frame deletion previously shown to cause MED (30 -32) , suggesting that the matrilin-3 A-domain binds to amino acid sequences in the COL3 domain of type IX collagen. These data therefore provide the first insight into why MED mutations might cluster in the COL3 domain of type IX collagen.
EXPERIMENTAL PROCEDURES

Cloning and Sequencing of Human Matrilin-3 A-domain-
The matrilin-3 A-domain (contained in exon 2 of MATN3) had previously been amplified from genomic DNA by PCR and subcloned into pSecTag (6) . This fragment was then subcloned a second time into pCEP4. The forward primer encompassed the first 20 nucleotides (from the ATG start codon) of the Ig ␥-chain secretion signal found in pSecTag and included a NotI restriction site (primer 5Ј-gcggccgcatggagacagacacact-3Ј). The 3Ј-primer (5Ј-gcggccgctcacttatcgtcgtcatccttgtaatcacagaaggtttcctggaatct-3Ј) also contained an engineered NotI cleavage site in addition to an in-frame FLAG Tag (DYKDDDDK). PCR products were cloned using TA Cloning method (Invitrogen) and sequenced using M13R and M13 (Ϫ20) primers with ABI Prism dye terminator cycle sequencing reagents (PerkinElmer Life Sciences). These sub-clones were digested with the restriction enzyme NotI and cloned into the pCEP4 expression vector (Invitrogen). Following transformation into TOP10 cells (Invitrogen) positive clones were obtained, which contain the correct nucleotide sequences in the right orientation. A single clone (pCEP4-MATN3WT) was used for all subsequent experiments.
Matrilin-3 A-domain Expression and Purification-Purified pCEP4-MATN3WT DNA was transfected into 293-EBNA cells (human embryonic kidney cells, Invitrogen) using Lipofectamine 2000 reagent (Invitrogen). The cells were cultured in Dulbecco's modified Eagle's medium containing 10% fetal calf serum, and after 24 h transfected cells were selected by the addition of Hygromycin B (50 g/ml). Following cell confluency the medium was replaced with serum-free VPRO medium (JRH Biosciences). The cells were incubated in this medium for a further 48 h before the conditioned medium was collected and centrifuged at 1000 ϫ g for 4 min. The resulting supernatant (400 ml) was affinity-purified using the FLAG tag. Briefly, the conditioned medium was incubated with the anti-FLAG M2 affinity column (Sigma) for 1 h at 4°C. Bound proteins were eluted from the beads with FLAG peptide (50 g/ml) in 20 mM Tris, pH 7.4, 150 mM NaCl. Fractions (1 ml) were collected and analyzed by SDS-PAGE with silver staining. The fractions containing the matrilin-3 A-domain were desalted using PD-10 columns (GE Healthcare) and further purified by anion-exchange chromatography on a MiniQ column using the Ettan purifier high-performance liquid chromatography system (GE Healthcare).
Cloning of Vitreous Form of Human Type IX Collagen-The vitreous form of collagen IX was generated using previously constructed full-length ␣1(IX) cDNA (33) in pVL1392 vector (BD Pharmingen) as a template for PCR. The 72-nucleotide alternative exon 1 of ␣1(IX) was generated 5Ј to COL3 domain in three consecutive PCR reactions using the previous reaction as a template for the next reaction. JYeye1 (5Ј-CTG TTG GGG CTC TGC TTG TGC GCG GCT CAA AGA GGT CCC CCG GGT GAG CAG-3Ј) and JYeyeR (5Ј-AGG AAT ACC ACG GCC TGG AAA TCC AC-3Ј) primers were used in the first reaction, JYeye2 (5Ј-GCG CGG GAC CGC GGG GCC CTG GGG CTG CTG CTG TTG GGG CTC TGC TTG TGC-3Ј) and JYeyeR in the second, and JYeye3 (5Ј-AGT CAT TGC GGC CGC ATG GCC TGG ACT GCG CGG GAC CGC GGG GCC CTG-3Ј) and JYeyeR in the third. JYeye3 primer contained an engineered NotI cleavage site. Final PCR product was ligated to pGEM-T-Easy vector (Promega, Madison, WI) and sequenced (Big Dye Terminator version 3.0, ABI Prism 3100 Genetic Analyzer, Applied Biosystems). The resulting plasmid and fulllength ␣1(IX) cDNA in pVL1392 vector were digested with NotI and SbfI, and the generated alternative exon 1 containing piece was ligated to the digested ␣1(IX) cDNA in pVL1392 vector. The resulting construct was sequenced.
Cloning of MED Mutant Form of Human Type IX CollagenTo generate the MED mutant form (containing a 12-amino acid deletion in COL3 domain) of ␣3(IX) chain, previously constructed full-length ␣3(IX) cDNA in pVL1392 vector (33) was digested with XbaI and ligated to pGEM-3Zf(ϩ) vector (Promega). The plasmid was cut with NotI and StuI to remove exon 3. mRNA was isolated from a MED mutant patient and reverse transcriptase was used to generate the cDNA containing the mutation. The cDNA was used in PCR with FIC (5Ј-GGC GGC CGC CGG GGC GCA GAG G-3Ј) and MH40 (5Ј-GCT CAC TCC TGC CTC TCC GG-3Ј) primers. PCR product was ligated to Sure Clone vector followed by cutting with NotI and StuI. The resulting piece was ligated to previously cut 9A3 cDNA in pGEM-3Zf(ϩ) vector. The resulting 9A3 MED construct was cut from plasmid with XbaI and ligated to XbaI-cut pVL1392 and sequenced.
Expression and Purification of Human Type IX Collagen Constructs-The cDNAs constructed above were co-transfected into Spodoptera frugiperda (Sf9, Invitrogen) insect cells with a modified Autographa californica nuclear polyhedrosis virus using the BaculoGold TM transfection kit (BD Pharmingen). Sf9 cells were cultured in TNM-FH medium (Sigma) supplemented with 10% fetal bovine serum (Atlanta Biologicals) at 27°C and were seeded at ϳ60% confluency in tissue culture plates for the transfection. The viral pools were plaque-purified and amplified three to four times using monolayer (ϳ70% confluency) cultures.
Trichoplusia ni (High Five, Invitrogen) insect cells were cultured in suspension in Sf-900 II SFM medium (Invitrogen) with or without 5% fetal bovine serum at 27°C. Prior to the infection, the insect cells were seeded at 1-1.5 ϫ 10 6 cells/ml for expression. The cells were co-infected with three viruses containing cDNAs for the various ␣1(IX), ␣2(IX), and ␣3(IX) chains and a double promoter virus 4PH␣␤ for the ␣ and ␤ subunits of human prolyl-4-hydroxylase cDNAs (34) , with a multiplicity of infection of 2 for each virus. Ascorbate (80 g/ml) was added to the culture medium daily.
After 72 h of infection, the High Five cells were harvested by centrifugation at 1,000 ϫ g for 30 min at 4°C, and the medium was further clarified at 10,000 ϫ g for 30 min. Collagen IX molecules were precipitated from the culture medium by adding solid ammonium sulfate to 26% saturation and placing the mixture on ice while stirring for 1 h. The precipitate was collected by centrifugation at 10,000 ϫ g for 30 min at 4°C and dissolved in 0.4 M NaCl, 2 M urea, 10 mM EDTA, 0.1 M Tris-HCl, pH 7, buffer at 4°C overnight. The protein solution was clarified by centrifugation at 12,000 ϫ g for 30 min at 4°C and then purified by gel filtration (Superdex TM 200, Amersham Biosciences) in the same buffer. The protein was further purified by cation-exchange chromatography (HiTrap TM SP HP or SP FF, Amersham Biosciences) in 50 mM PIPES, 20 mM NaCl, 2 M urea, pH 6.5, buffer, eluting with an increasing NaCl concentration (0.02 M to 1 M NaCl). Fractions containing collagen IX were pooled and dialyzed against 50 mM acetic acid and then concentrated.
SDS-PAGE Analysis-SDS-PAGE was undertaken using 4 -12% BisTris gradient gels (Invitrogen) with the MES buffer system according to the manufacturer's instructions. Protein samples were diluted in loading buffer with a reducing reagent then heated to 95°C for 5 min. Silver staining of gel and peptide mass mapping of excised band were then performed.
Mass Spectrometry-The identity of the recombinant protein was confirmed by electrospray ionization tandem mass spectrometry. Following SDS-PAGE the protein band thought to be the matrilin-3 A-domain was excised from the gel and subjected to in-gel digestion. In brief the sample was reduced with dithiothreitol, alkylated with iodoacetamide, and digested with trypsin. The peptides produced were extracted from the gel with sequential washes of ammonium bicarbonate and 50% acetonitrile with the combined extract dried to ϳ20 l in a vacuum centrifuge. Mass spectrometry was performed on 5 l of the sample using a Q-TOF Micro attached to a CapLC chromatography system (both Waters, UK). Proteins were separated by in-line reversed-phase chromatography before analysis by tandem mass spectrometry. The results obtained were interrogated against the SWISSPROT data base using ProteinLynx Global Server V1.1 searching software (Micromass UK Ltd.).
The mass of the recombinant protein was analyzed by mass spectrometry. Purified matrilin-3 A-domain was desalted using C4 reversed-phase ZipTip micro solid phase extraction tips (Millipore). The extracted samples were infused into an electrospray-time-of-flight mass spectrometer (LCT, Waters, UK) at a flow rate of 10 l/min. The multiply charged spectra obtained were deconvoluted iteratively using maximum entropy software (Waters, UK) to produce a molecular weight for each species present.
Multiangle Laser Light Scattering Analysis-Samples of purified recombinant protein were applied to a Superdex 75 gelfiltration column (GE Healthcare) running at a flow rate of 0.5 ml/min with Tris-buffered saline buffer. Samples eluting from the column passed through an in-line DAWN EOS laser photometer (laser wavelength, 682 nm) and an Optilab rEX refractometer with QELS dynamic light scattering attachment. Light scattering intensity and eluant refractive index (concentration) were analyzed using ASTRA version 4.8 software to give a weight-averaged molecular mass. Following Superdex 75 chro-matography, 0.5-ml fractions were collected and analyzed by SDS-PAGE and silver staining.
CD-Far-UV (190 -260 nm) CD spectra were recorded using a Jasco-810 spectropolarimeter. Measurements were taken every 0.2 nm in a 0.05-cm path length cell. Spectra were corrected for buffer absorbance and represent an average of 10 scans. Spectra were recorded in millidegrees and converted to mean residue ellipticities using concentrations estimated by absorbance profiles at 280 nm. Estimation of secondary structure content was performed using CDSSTR software program.
Analytical Ultracentrifugation-The sedimentation coefficient for matrilin-3 A-domain was determined from velocity experiments using the Optima XL-A ultracentrifuge (Beckman Instruments). The experiments were performed using double sector cells and a rotor speed of 48000 rpm, taking 150 scans at 1.5-min intervals at a wavelength of 230 nm and at a temperature of 20°C. The sedimenting boundaries were analyzed using the program Sedfit version 8.7, and the resulting apparent sedimentation coefficient (s 20,w ) were corrected for standard conditions using the program Sednterp developed by Hayes, Laue, and Philo (35). Hydrodynamic radius (R H ) and frictional ratio (f/f o ), which represents the deviation of the friction of the molecule from a theoretical sphere of the same molecular weight, were also calculated using Sednterp.
Differential Scanning Calorimetry-The proteins' denaturation temperatures were determined using DSC (VP-DSC MicroCalorimeter, MicroCal Inc.). The protein samples (0.15 mg/ml) were buffer-exchanged using HiTrap Desalting columns (GE Healthcare) in 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, or 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA. Both buffers were used as reference solutions for the scans. Samples were scanned once for thermal unfolding from 15 to 100°C. Data conversion and analysis were performed with Origin software (OriginLab Corp., Northampton, MA).
Dual Polarization Interferometry-The DPI experiments were performed on a Farfield AnaLight instrument. Purified recombinant matrilin-3 A-domain (at a concentration of 200 g/ml) was immobilized onto an amine functionalized AnaChip using bis(sulfosuccinimidyl) suberate linker chemistry. Tris buffer (200 mM, pH 7.4) was then added to block unreacted bis(sulfosuccinimidyl) suberate. After stabilizing the immobilized matrilin-3 A-domain with sufficient rinsing with Tris running buffer (20 mM Tris, pH 7.4, 50 mM NaCl), 10 mM EDTA was injected to chelate any metal ions present. The protein was then exposed to ZnCl 2 and CaCl 2 at increasing concentrations (10, 25, 50, 100, 300, and 1000 M). Matrilin-3 A-domain was regenerated between the two different metal ions with 10 mM EDTA. A more detailed protocol has been described by Thompsett and colleagues (36) .
Surface Plasmon Resonance Assay-The surface plasmon resonance assays were performed on a BIAcore 3000 instrument using a CM5 sensor chip (Biacore AB), and kinetic parameters were determined with the manufacturer's BIAevaluation 4.1 software. Purified recombinant matrilin-3 A-domain (at a concentration of 10 g/ml) was immobilized at a flow rate of 12 l/min for 12 min in sodium acetate pH 4. in the running buffer, we repeated the experiment with type II collagen using a range of Zn 2ϩ concentrations from 0.025 mM to 1 mM. For all successive experiments, the running buffer was 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM ZnCl 2 , 0.005% (v/v) surfactant P20 (BIAcore). Kinetic runs were also performed using type II collagen (Sigma) and three different forms of type IX collagen as analytes. The analytes were injected for 6 min at 20 l/min at concentrations ranging from 1 to 10 g/ml (4 -45 nM). The analytes were simultaneously passed over the control cell, and this baseline was subtracted from the experimental flow cells. Tightly bound proteins were then dissociated by injection of 10 mM EDTA. To investigate the kinetics of interactions between matrilin-3 A-domain and cartilage oligomeric matrix protein (COMP), COMP (R&D) was immobilized on the surface of a CM5 sensor chip via amine coupling. By using 10 g/ml of COMP, typically 4000 response units was immobilized, which was at a saturation level. Samples were applied to the sensor chip surface in 100 mM sodium acetate, pH 3.5. All subsequent binding experiments were performed in 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM ZnCl 2 , 0.005% (v/v) surfactant P20 (BIAcore). Matrilin-3 A-domain was injected at concentrations ranging from 0 to 25 g/ml (0 -1100 nM) at a flow rate of 30 l/min. Samples were injected for 5 min, dissociated for 10 min, regenerated for 1 min using 20 mM Tris-HCl, pH 7.4, 1 M NaCl, and then stabilized for 20 min before the next injection. The analyte was simultaneously passed over a blank flow cell, and this baseline was subtracted from the experimental flow cell. None of the analytes was found to interact with the blank flow cell. After subtraction of each response value from the control cell, association and dissociation rate constants were determined by separate K a /K d fittings of the binding and dissociation curves using global data analysis. All curves were fitted using 1:1 Langmuir association/dissociation model (BIAevaluation 4.1, BIAcore AB).
Electron Microscopy of the Matrilin-3 A-domain, COMP, and Type IX Collagen-Rotary shadowing transmission electron microscopy (TEM) was performed as described previously (21) . Briefly, a modified version of the mica sandwich technique was used to prepare 6-l aliquots of each sample for platinum carbon rotary shadowing using the Cressington CFE-50B and Nickel 400 TEM grids. Replicas created by this method were studied using a JEOL 1200EX transmission electron microscope operated at an accelerating voltage of 100 kV. Electron micrographs were taken on Agfa Scientia 23D56 em film and then scanned onto a PC using a Polaroid Sprintscan 45 scanner, in preparation for image reproduction or digitized for analysis. Micrographs obtained were digitized from the photographic film using a monochrome TV camera (Bosch analogue type YK91D) for image analysis purposes. Matrilin-3 A-domain and COMP were mixed at a molar ratio of 1:1 and dialyzed at 4°C against 20 mM Tris-HCl buffer (pH 7.4), containing 150 mM NaCl and 1 mM ZnCl 2 .
RESULTS
Structure of Recombinant Matrilin-3 A-domain-Matrilin-3
A-domain was purified as a secreted protein and had an apparent molecular weight under denaturing conditions of ϳ22 kDa according to SDS-PAGE (Fig. 1A) . Tryptic peptide analysis by electrospray ionization tandem mass spectrometry validated the identity of the purified protein and electrospray ionization mass spectrometry revealed an expected intact mass for the purified protein of 22,031 Da (supplemental Fig. S1 ). The purified protein was therefore confirmed to be the protein of interest and of the correct size. The "native" protein was then analyzed by multiangle light scattering coupled to gel filtration to yield a molecular mass of 24 kDa (supplemental Fig. S2 ), which is consistent with a monomeric protein. CD was used to determine the folding characteristics of the protein (Fig. 1B) . The average values for secondary structure composition following CDSSTR analysis were 15% ␣-helix, 27% ␤-sheet, 21% turn, and 37% random coil.
Conformational Changes in the A-domain of Matrilin-3 in the Presence or Absence of Zn
2ϩ -To determine whether the conformation of the matrilin-3 A-domain was different in the presence or absence of Zn 2ϩ we used sedimentation velocity experiments. In the presence of Zn 2ϩ , the matrilin-3 A-domain sediments as a single species with a sedimentation coefficient of 2.4 s 20,w and an R H value of 2.38 nm (Fig. 2A) . There was no evidence of higher order oligomerization. The frictional ratio (f/f o ), which is a comparison of the friction of the molecule compared with a theoretical compact sphere, was 1.25, which suggests the protein is both compact and globular. However, when 2 mM EDTA was added to the sample the recombinant protein exhibited a lower sedimentation rate (2.16 s 20,w ) and an increase in R H (2.65 nm) suggesting a less compact conformation ( Fig. 2A) . A comparable difference in R H was observed in the presence or absence of Zn 2ϩ using a non-model-based method (van Holde-Weischet), which corrects for the effects of diffusion and gave measurements of 2.42 and 2.76 nm, respectively (data not shown). Sedimentation in the presence of Ca 2ϩ revealed a similar profile to that found with EDTA (data not shown). Overall the sedimentation data confirm that in the presence of Zn 2ϩ the matrilin-3 A-domain undergoes a conformational tightening.
To further elucidate the effect of divalent cations on the conformation of the A-domain, optical evanescent wave DPI was used (37) (38) (39) . This technique allowed us to measure in realtime the structural changes occurring to the A-domain on the introduction of Zn 2ϩ and Ca 2ϩ . Increasing the concentrations of Zn 2ϩ caused a subsequent increase in the differential refractive index (Fig. 2B) , which was associated with an increase in the density of the protein layer and a corresponding decrease (by 0.12 nm) in the thickness (Fig. 2C) . The protein effectively undertook a conformational change by becoming more compact in presence of Zn 2ϩ . A k d value of 7.5 mM was calculated for the affinity of Zn 2ϩ binding to the matrilin-3 A-domain. These changes in density and thickness were not seen following the addition of Ca 2ϩ , suggesting that Ca 2ϩ does not promote this conformational change (data not shown).
Thermal Stability of the Matrilin-3 A-domain in the Presence or Absence of Zn
2ϩ -To determine the thermal stability of the A-domain, DSC was used. Differences in heat uptake by the sample and reference cells (containing buffer only) were measured, and the transition was fitted with a non-two-state model. The denaturation temperature of the matrilin-3 A-domain (in the presence of Zn 2ϩ ) was within the temperature range of 55-56°C and ϳ51°C in the presence of 2 mM EDTA (Fig. 3) , suggesting that the presence of Zn 2ϩ stabilizes the A-domain. The thermal stability of the matrilin-3 A-domain was also assessed using CD by increasing the temperature linearly from 10 to 90°C and monitoring unfolding at 222 nm. A midpoint temperature of thermal denaturation of ϳ56°C was obtained, which was in agreement with the results obtained by DSC (data not shown).
Interactions between the Matrilin-3 A-domain and Collagen in the Presence of Different Cations-It has previously been
shown that full-length matrilin-3 can interact with type II and IX collagen in vitro (27) . These data were confirmed by our own BIAcore studies, which produced k d values of 5.9 nM and 1.5 nM, respectively (supplemental Fig. S3 ). We next wished to determine whether the matrilin-3 A-domain alone could support this binding and if there was a preference for different cations. Binding studies were therefore performed using four different cations (Zn 2ϩ , Ca 2ϩ , Mg 2ϩ , and Mn 2ϩ ) at a concentration of 1 mM each (Fig. 4) . These studies demonstrated that, although 1 mM Zn 2ϩ supported strong binding of type II and IX collagen to the matrilin-3 A-domain, in contrast, binding in the presence of 1 mM Ca 2ϩ , Mg 2ϩ , or Mn 2ϩ was negligible. We initially used a cation concentration of 1 mM, because this was consistent with previous studies performed by Budde et al. (27) on the binding of full-length matrilin-3 with type IX collagen. However, to determine if the matrilin-3 A-domain could bind to type II collagen in the presence of lower, and perhaps more physiologically relevant, concentrations of Zn 2ϩ , we repeated these binding studies using a range of Zn 2ϩ concentrations from 0.025 mM to 1 mM (supplemental Fig. S4A ). Overall, these data demonstrated that type II collagen could bind to the matrilin-3 A-domain over a broad range of Zn 2ϩ concentrations. However, to maximize the binding response, all subsequent experiments were performed in the presence of 1 mM Zn 2ϩ .
Binding of Matrilin-3 A-domain to COMP and Type II
Collagen-The kinetics of matrilin-3 A-domain binding to COMP and type II collagen was studied by surface plasmon resonance (Fig. 5) . Our data establish that COMP interacts with the matrilin-3 A-domain alone in the presence of 1 mM Zn 2ϩ (Fig. 5A) but not with 1 mM Ca 2ϩ (data not shown). Kinetics of the interaction between the two proteins showed saturable binding and indicated an apparent k d of 500 nM, 2 ϭ 0.63 (n ϭ 3). Rotary shadowing TEM of purified matrilin-3 A-domain and COMP showed individual molecules when viewed separately (Fig. 5B) . The matrilin-3 A-domains were present as individual globular particles, whereas COMP had a characteristic bouquet structure with prominent C-terminal domains. Interestingly, when these molecules were incubated together in a 1:1 molar ratio prior to rotary shadowing, numerous filamentous structures were observed confirming the BIAcore studies and suggesting that the A-domain may act as a bridging molecule by bringing several COMP molecules together. Finally, we were also able to confirm that the A-domain of matrilin-3 was also able to bind with strong affinity (k d of 6.27 nM) to type II collagen in the presence of 1 mM Zn 2ϩ (Fig. 5C ) but not other cations (Fig. 4) . Moreover, the dissociation constant did not change significantly (k d of 4.7 nM) when these experiments were repeated in the presence of 0.05 mM Zn 2ϩ (supplemental Fig.  S4B) .
Interactions between the Matrilin-3 A-domain and Different Forms of Type IX Collagen-The interaction of matrilin-3 with the surface of cartilage fibrils occurs by direct interaction with type IX collagen (26, 27) . We therefore determined the binding affinity of the matrilin-3 A-domain for type IX collagen in the presence of Zn 2ϩ . Kinetic analysis demonstrated that type IX collagen bound to the matrilin-3 A-domain in a dose-dependent manner (0 -45 nM) and revealed an averaged k d value of 1.37 nM with a 2 value of 0.94 for the curve fit (Fig. 6A ). The addition of 10 mM EDTA completely abolished the binding, confirming that the interaction between the matrilin-3 A-domain and type IX collagen was metal ion-dependent. Having established that the matrilin-3 A-domain bound specifically to full-length type IX collagen, we wished to identify the one or more regions within type IX collagen that mediate this interaction. Binding studies with two different molecular forms of type IX collagen were therefore performed. These were the vitreous form of type IX collagen (i.e. lacking the NC4 domain) (40) (Fig.  6, B and D) and a mutated form, which contained an in-frame deletion of 12 amino acid residues from the COL3 domain of the ␣3(IX) chain (Fig. 6, C and D) . This mutation has previously been shown to result in MED (31) but does not appear to cause any overt disruption to the structure of the NC4/COL3 domain of type IX collagen as visualized by rotary shadowing TEM (Fig.  6E ). The matrilin-3 A-domain bound to the vitreous form of type IX collagen with a k d value of 3.25 nM ( 2 ϭ 0.96) (Fig. 6B) . However, binding to type IX collagen was completely abolished when it contained the in-frame deletion (Fig. 6C) , suggesting that the matrilin-3 A-domain binds to type IX collagen through the COL3 domain.
DISCUSSION
In this study we have characterized the structure and interactions of the matrilin-3 A-domain. Recombinant matrilin-3 A-domain expressed by mammalian cell culture exists in a monomeric form with a mass of 22,031 Da and a thermal stability in the range of 55-56°C (in the presence of Zn 2ϩ ). CD revealed a structure comprising 15% ␣-helix, 27% ␤-sheet, 21% turn, and 37% random coil, which is very similar to that of the integrin I-domain, to which it has a high degree of sequence similarity (5) . There are no previous reports describing conformational changes in the structure of A-domains, other than those described for integrins and the A-domain of complement factor B (22, 24) . However, it has been hypothesized that A-domains, which contain a perfect MIDAS motif, may also bind a metal ion and undergo an "integrin switch" (24) . In this study DPI analysis confirmed that Zn 2ϩ binding to the matrilin-3 A-domain induces a tightening of the molecule, which is equivalent to an ϳ0.3 nm decrease in hydrodynamic radius when assayed by sedimentation analysis. These data therefore demonstrate that the matrilin-3 A-domain can bind to Zn 2ϩ and undergo a conformational tightening similar to that previously described for the integrin I-domain (41, 42) and the A-domain of Factor B (24, 43) . Human and mouse matrilin-3 have been reported to contain an "imperfect" MIDAS motif (23, 44) due to the perceived absence of threonine in loop 2, which is replaced by serine (i.e. TXTXS). However, a crystal structure of the A-domain of complement factor B predicts that the metal ion is coordinated by the first threonine residue of this loop (i.e. TXTXX) (24) , suggesting that matrilin-3 might in fact have a "perfect" MIDAS motif. Indeed, our findings support matrilin-3 having a perfect MIDAS motif. The conformational change was not observed with Ca 2ϩ , suggesting that the matrilin-3 A-domain has acquired a requirement for specific metal ions for activation and/or binding. It is possible that the conformational change induced by the presence of Zn 2ϩ allows the matrilin-3 A-domain to interact with high affinity to other components of the ECM. Indeed, the activation of integrin I-domains through the binding of cations can dramatically alter affinity for their ligands. It has previously been shown that recombinant full-length matrilin-3 interacts with recombinant type IX collagen (26, 27) . This binding is strongly dependent on the presence of divalent cations and the addition of EDTA effectively abolished binding (26, 27) . However, no studies have yet focused on the binding properties of the matrilin-3 A-domain alone. We therefore used BIAcore (surface plasmon resonance) to study the binding of type II and type IX collagen to the matrilin-3 A-domain in the presence of different cations. The A-domain of matrilin-3 bound with high affinity to type II and type IX collagen in the presence of Zn 2ϩ . In both cases binding was abolished by the addition of EDTA confirming that this interaction was revers- To determine where on type IX collagen the matrilin-3 A-domain was binding we performed BIAcore experiments with a truncated form of type IX collagen normally found in the vitreous of the eye (i.e. lacking the NC4 domain) (45) . The NC4 domain is a compact non-collagenous globular domain, and its location (projected away from the fibril body) places it in an ideal position to facilitate interactions with other macromolecules of the cartilage extracellular matrix (19) . Indeed, the NC4 domain of type IX collagen has been shown to interact with the C-terminal domain of COMP (20, 21) . It was therefore interesting to observe that there was still binding between the matrilin-3 A-domain and type IX collagen lacking the NC4 domain, suggesting that the NC4 domain is not required for this interaction to occur. In a further experiment we studied the interaction between the A-domain and a mutated form of type IX collagen, which contained an in-frame deletion of 12 amino acids (residues 50 -61) from the COL3 domain of the ␣3(IX) chain. This deletion mutation has previously been shown to result in MED in unrelated patients (30 -32) . In this experiment binding was completely eliminated suggesting that the COL3 domain of type IX collagen mediates the interaction with the A-domain of matrilin-3. These data are in agreement with previous findings on the binding of full-length matrilin-3 to type IX collagen using solid- phase assays (27) . In these studies matrilin-3 interacted with full-length type IX collagen and type IX collagen in which the non-collagenous domains had been enzymatically removed from the molecule by pepsin digestion. Furthermore, binding was considerably reduced following the removal of the collagenous domains by digestion with collagenase (27) . Our data are also consistent with binding studies performed between recombinant integrin I-domains and recombinant type IX collagen, which demonstrated that ␣ 1 I and ␣ 2 I bound to the COL3 domain of type IX collagen close to the NC3 domain (46) . The COL3 domain has been described as an important functional domain of type IX collagen with a possible role in mediating interactions with other components of the cartilage ECM. Indeed, it has been reported that recombinant matrilin-3 A-domain (expressed in Escherichia coli) bound to the individual chains of the COL3 domain of type IX collagen and with highest apparent affinity for ␣3(IX) COL3 (47) . In this study we have demonstrated the detrimental effect of an MED-causing deletion in the COL3 domain on the binding of type IX collagen to the matrilin-3 A-domain. We therefore hypothesize that the COL3 domain of type IX collagen plays an important role in the pathophysiology of MED and that these observations might best explain why MED mutations in type IX collagen cluster in a restricted region within the COL3 domain.
Finally, the role of Zn 2ϩ in the formation of the matrilin-3 A-domain/collagen complexes is yet to be fully defined, and this includes the identity of the metal-coordinating residue(s) in the type II and type IX collagen molecules. It has previously been determined that binding between the I-domain of integrin ␣2␤1 and a triple helical collagen peptide is mediated through a GFOGER motif, in which the glutamate residue completes the coordination of the metal ion (41) . Our studies have shown that the matrilin-3 A-domain binds to the COL3 domain of type IX collagen and that this binding is abolished by the in-frame deletion of 12 amino acids (residues 50 -61: GEAGP-PGLPGPP) from the COL3 domain of the ␣3(IX) chain. It is therefore interesting to note that this region of ␣3(IX)-COL3 contains a glutamate residue, and its deletion in the MED mutant form may be impacting on the binding between matrilin-3 and type IX collagen. However, it is entirely possible that type IX collagen has a matrilin-3 binding site that extends over all three chains, which could explain the grouping of MED mutations to the equivalent regions of the COL3 domain (10) . Heterotrimeric type IX collagen also contains histidine (21 residues) and cysteine (20 residues), which are capable of coordinating metal ion binding; however, the COL3 domain of type IX collagen does not contain any of these particular residues.
In summary, therefore, we have described the structure of the matrilin-3 A-domain in solution and the conformational changes induced by the presence or absence of Zn 2ϩ . These data imply a critical structural role for this domain and highlights the importance of the tight conformation for its binding to other ECM proteins. In these studies we have also identified the precise domain in collagen type IX that mediates the interaction with matrilin-3 A-domain. Matrilin-3 A-domain appears to bind exclusively through the COL3 domain of type IX collagen. Disruptions to these interactions through mutation are therefore likely to play a role in the development of human skeletal dysplasia, and therefore further biochemical/ biophysical characterization of the COMP-matrilin-collagen IX network may provide novel insight into disease mechanisms in the MED bone dysplasia family.
